Écoulement, transport et réaction au sein d’un textile lumineux photocatalytique by DEGRAVE, Robin et al.
21ème Congrès Français de Mécanique Bordeaux, 26 au 30 août 2013
Ecoulement, transport et réaction au sein d’un textile
lumineux photocatalytique
Robin Degravea,b,c, Arnaud Cockxa,b,c, Philippe Schmitza,b,c
a. Université de Toulouse; INSA, UPS, INP; LISBP, 135 Avenue de Rangueil, F-31077 Toulouse,
France
b. INRA UMR 792, Ingénierie des Systèmes Biologiques et des Procédés, F-31400 Toulouse, France
c. CNRS UMR 5504, Ingénierie des Systèmes Biologiques et des Procédés, F-31400 Toulouse, France
Résumé :
Le sujet de cet article concerne la modélisation tridimensionnelle du transport réactif au sein d’un
textile lumineux photocatalytique. Le procédé mettant en oeuvre ce textile pourrait intervenir en com-
plément d’autres traitements dans le cadre de la dépollution d’eﬄuents aqueux. L’objectif de cet étude
est de déterminer la perméabilité effective du textile lumineux photocatalytique. Dans une perspective
de changement d’échelle, la construction d’un modèle hydrodynamique couplant un écoulement libre
et un écoulement en milieu poreux sur un motif élémentaire représentatif du textile est détaillé. Puis,
le couplage entre un modèle de transport de molécules par cet écoulement et une réaction de surface
est décrit. Par ailleurs, il est expliqué la configuration du pilote permettant de recueillir des données
expérimentales dans les cas d’écoulements frontal et tangentiel. Enfin, cet article résume comment la
confrontation entre les mesures expérimentales et les simulations numériques permettront de déterminer
le tenseur de perméabilité du tissu.
Abstract :
This paper deals with the 3D-modelisation of light photocatalytic textile. This process aims to deconta-
minate eﬄuents such as water concentrated in pesticides. The major challenge of this part of study is
to determine the permeability of the fabric. First, the hydrodynamic numerical modeling describes the
coupling between the free flow and the fibrous media flow on a Representative Volume Element (RVE).
On the other hand, the coupling between transport of pollutant molecules by the fluid flow and surface
reaction is detailed. Moreover, the paper deals with the device configurations to obtain experimental
outflow rate values in both tangential and frontal cases. Finally, the study shows how the confrontation
between the experimental datas and the hydrodynamic numerical simulations allows to calculate the
permeability tensor of fabric.
Mots clefs : textile ; perméabilité ; modèle
1 Introduction
In the context of water treatment, the study focuses on a photocatalytic process using a decontamina-
ting light photocatalytic textile. This process could occur in addition to other treatments (upstream
or downstream treatment). Indeed the photocatalysis can degrade all organic molecules to make bio-
degradable products. This process can be applied particularly on target pollutants such as pesticides.
Optical fibers are fixed on a fabric by bonding points, this assembly constitutes the light photocatalytic
textile. The catalyst is deposited on the whole "fabric + fiber" system. When it is activated by UV
light irradiation coming from the optical fiber, a surface reaction occurs during the contact between
the pollutant and the catalyst.
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Several phenomena are modelled in this study :
– the fluid flow close to the textile (Navier-Stokes),
– the flow in the porous medium that constitutes the fabric (Darcy-Brinkman),
– the transport by convection-diffusion of the pollutant in the fluid and porous domains,
– the adsorption-desorption (Langmuir) and the photocatalytic reaction surface.
Yaron Paz [9] reviewed patents of different geometrical configurations of photocatalytic processes used
for air treatment. For now few processes for water treatment exist mainly due to energy coasts. Pekakis
and al. [8] proposed a solution for decontamination of dyehouse wastewater.
Figure 1 – Photography and modelisation of the assembly of fabric and optical fibers
The goal of the study is to design a reactor that maximizes the volume of pollutant treated by optimizing
the contact between the pollutant and textiles. To this end, a transport reactive model is developed to
simulate the decontamination of an aqueous solution on a Representative Volume Element (RVE) of
the light photocatalytic textile. Numerical simulations are performed using COMSOL Multiphysics.
The first step is to carefully represent the flow of eﬄuent through the textile. It is obvious that the
fabric (fibrous media), is less permeable to tangential flow than to frontal flow. So, the study focuses
on the determination of the adequate fibrous media permeability tensor K in order to further obtain
the effective permeability of the "fiber+fabric"system from the solution on the RVE .
The permeability of a fibrous media has been already widely studied. There are many models in the
literature which calculate the coefficients of such a tensor. These models can be classified according to
the type of fibrous media.
– 1D : fibers are parallel to each other
– 2D : fibers random oriented but they are located in parallel planes
– 3D : fibers can have any orientations and they are located in the space
For instance, Tamayol and Bahrami in 2009 [13] and 2010 [14] proposed new expressions for permea-
bility tensor of regular array of parallel cylinders that fit with experimental data in a large range of
packing density.
Generally the authors compared their results to others results of theoretical, numerical and empirical
traditional models. Davies [1] proposed an empirical model based on many experimental results for
different fibrous materials. Rahli and al. [10] studied the impact of the ratio Lfdf where Lf is the fiber
length, df is their diameter. Later, analytical models considered the fibrous media as an assembly of
identical unit cells.
Happel [3], Kuwabara [7] used this approach and determined a permeability for 1D-model. Drummond
and Tahir [2], Sangani ans Acrivos [11] used a more realistic representation of a fibrous media. They
modeled a fiber in a rectangular domain taking into account the presence of the neighboring fibers.
Spielman and Goren [12] approached the problem with a new vision using effective medium approxi-
mation. They included the permeability of closest fibers in their model.
However, for 2D-geometry and 3D-geometry, other reference models are Jackson and James [5] or
Higdon and al [4]. The first authors generalized the Drummond and Tahir [2] models to obtain a
permeability of a 3D arrangement. Indeed, the superposition principle and the linearity of Stokes and
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Brinkman equations make possible the extrapolation of 1D model in 2D or 3D model.
Higdon and al [4] were the precursor of the most commonly used method today. They resolved the flow
with numerical simulations on different geometry. In each domain, an arrangement of fibers was fixed.
Finally, another approach is the Lattice-Boltzmann Method like Nabovati and al. [6]. Its principle is
that the fluid dynamics is the result of collective behaviour of particles (molecular dynamics). However,
the resulting fluid flow is not always sensitive to the whole microscopic physical details.
All these models cannot be directly applied to our fabric which consists of a complex arrangement of
fibers. Therefore the permeability tensor of this geometry is still unknown.
In order to calculate the fabric permeability tensor and the subsequent effective permeability of the
textile, a numerical model which couples the free flow and the fibrous media flow on a Representative
Volume Element (RVE) was developed. Both tangential and frontal configurations flows were analyzed.
Moreover, an experimental device is also developed to obtain measurements of the effective permea-
bility in a few cases to validate the numerical model. In this approach the permeability tensor of the
fabric will be the fitting parameter.
Otherwise, the coupling between transport and reaction model will be briefly presented.
2 Materials and methods
2.1 Hydrodynamic model
The light photocatalytic textile system of interest consists of a regular array of individual light textiles
in parallel. Therefore it is relevant to study hydrodynamics on a Representative Volume Element of
this large system (Figure 2) making use of periodic boundary conditions on each face.
Figure 2 – Reproduction of the RVE by application of periodic boundary conditions
It is possible to distinguish three flow types within the RVE. The fluid can flow freely in the upper
part of the domain. On the other hand, the fluid is forced to flow between the fibers in the second flow
subdomain. Finally, the fabric is considered as an anisotrope fibrous media.
The following stationary dimensionless form of the Navier Stokes equations is considered as the gover-
ning equations in the fluid domain (free flow region and confined flow between cylinders) :
u∗∇u∗ = −∇P˜ ∗ + 1
Re
∇2u∗ −∇〈P ∗〉
Here the length scale is the optical fiber diameter d, the velocity scale U0 is the filtration velocity in
the absence of optical fibers and the corresponding Reynolds number is Re = ρ.U0.d/µ.
On the other hand, the governing equations in the fabric (porous media) are the Darcy Brinkman
equations which can be written in dimensionless form as :(
1
Re
K∗
(−1))
u∗ = −∇P˜ ∗ + 1
 ·Re∇
2u∗ −∇〈P ∗〉
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where :
· µ is the dynamic viscosity of fluid
· ρ is the density of fluid
·  is the porosity of fabric
· K is the permeability tensor of fabric K =
K11 0 00 K22 0
0 0 K33

· u is the velocity of fluid
· P is the pressure
It can be noticed that using periodic boudary conditions in both x,y,z directions requires to use the
following decomposition : P = P˜ + 〈P 〉. Thus ∇〈P ∗〉 is the given driving force imposed in the direction
of the main flow depending on the flow configuration studied (Figure 3).
Figure 3 – Generation of flow in three directions : frontal flow (left), tangential radial flow (center),
tangential axial flow (right)
2.2 Transport and reaction models
The transport model simulates the particles motion in the presence of the fluid flow. Then the dimen-
sionless convection-diffusion equation is used to calculate the transport of pollutant.
∂c∗
∂t
+∇ · (− 1
Pe
∇c∗ + c∗u∗) = 0
· c is the pollutant concentration
· D is the diffusivity of reaction species in the bulk
· u is the velocity of the fluid
· c0 is the inital concentration of bulk pollutant concentration
Here the length scale is the optical fiber diameter d, the velocity scale U0 is the filtration velocity in
the absence of optical fibers and the corresponding Peclet number is Pe = U0.d/D. Moreover, the
concentration scale is c0 for the pollutant.
Considering the transport of adsorbed pollutant, the dimensionless following equation is used :
∂c∗s
∂t
+∇ · (−∇c∗s) = ADS · c∗(1− c∗s)−DES · c∗s
Where different parameters are :
· cs is the pollutant adsorbed at the surface
· kads is the rate constant for the adsorption
· kdes is the rate constant for the desorption
· Ds is the surface diffusivity
The concentration of pollutant adsorbed scale is the number of active sites available on the surface
of catalyst θ0. The dimensionless numbers are ADS = kadsc0d
2
Ds
for adsorption and DES = kdesd
2
Ds
for
desorption. The molecules of eﬄuent are mainly transported by convection in the free flow regions.
In the fibrous media, the pollutant moved by an effective diffusion. A surface reaction occurs during
the contact between pollutant molecules and the catalyst deposed on the cylinders and on the upper
surface of fabric. On this surface, the flux of polluant is Flux = ADS · c∗(1− c∗s)−DES · c∗s
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2.3 Experiments
Two experimental devices have been developed to get the effective permeability of the light textile in
frontal and tangential flow configurations. The upstream pressure is imposed while the downstream
pressure is the atmospheric pressure and the flow rate is measured.
Figure 4 – Experimental devices for frontal (left) and tangential (right) flow
Textiles with different density of optical fibers will be tested. The height of the free flow region will be
also varied.
3 Numerical results
Numerical simulations are performed with COMSOL and pressure and velocity fields are analyzed in
this part. Figure 5 illustrates typical simulations of different flow configurations in the RVE.
Figure 5 – Pressure field for frontal (left) and velocity magnitude tangential (right) flow
As can be expected in frontal configuration, the pressure is zero in the free flow region and increases
when the fluid flows through the fabric. The flow, which is not presented here, is uniform in the free
flow region and is accelerated close to the fibers. In addition in tangential configuration, the main part
of the fluid circulates above and around the fibers due to the high hydraulic resistance in the fabric.
Quantitative results are plotted in Figure 6 in terms of flow rates as a function of different parameters
for the two configurations presented above. It appears that in frontal case, the flow rate is not propor-
tional to the permeability of the fabric. Thus the macroscopic model that will be further developed
from this microscopic approach should be nonlinear. In tangential flow it is seen that the flow rate is
very sensitive to the confinement, i.e. the height of the free flow region.
Figure 6 – Quantitative numerical results for frontal (left) and tangential (right) flows
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4 Conclusion
In this paper, a development of numerical model on a representative volume element (RVE) to simulate
the flow within light photocatalytic textile is detailed. The confrontation between numerical simulations
and experimental datas will allow to calculate the real permeability tensor of the fabric.
This study is the first step of the modeling of photocatalytic reactor which will be used to decontaminate
target pollutants such as pesticides. The next step is to couple the hydrodynamic model with a transport
reactive model described in part 2.2. The reactor configuration will be optimized regarding the system
performance obtained by a scale change.
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